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Abstract
Particle gamma-ray angular correlation measurements have been used to study the spin alignment and magnetic-substate
population parameters for the 2+1 (4.443 MeV) state in 12C, populated in the 12C(12C,12 C[0+2 ])12C(2+1 ) inelastic scattering
reaction in the vicinity of a prominent, narrow peak in the scattering excitation function. The data show a strong alignment
of the spin with the orbital angular momentum, and suggest that the cross section peak corresponds to a spin 14+ resonance
at Ec.m. = 28.0 MeV. This energy is close to that where a strong peak is also observed in the 0+1 + 0+2 excitation function.
A comparison between the data for these two channels lends some support to recent theoretical calculations of resonance
behavior for angular-momentum-mismatched channels in 12C+ 12C inelastic scattering.
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Open access under CC BY liceThe study of resonance behavior in the 12C + 12C
system has occupied nuclear physicists for the better
part of four decades. The resonances observed in var-
ious 12C + 12C inelastic scattering channels display
a rich variety of phenomena, ranging from very nar-
row resonances near the Coulomb barrier, to broader
(1–2 MeV wide) structures at higher bombarding en-
ergies. The common, simple and perhaps naive inter-
pretation of these phenomena is that they correspond
to large-scale collective behavior in the 12C+ 12C sys-nse.
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One interesting region has been the range of bombard-
ing energies between 20 and 40 MeV in the center-
of-mass system. Here, strong resonances are observed
in the elastic, single and mutual inelastic 2+1 scatter-
ing channels. Explanations of this behavior are typi-
cally divided into two paradigms; one which invokes
the nuclear structure of the compound system 24Mg
[2–5], and another where reaction mechanisms akin to
potential scattering resonances are responsible for the
observed structures, when the angular-momenta in en-
trance and exit channels are well matched [6–9]. In the
latter models, the resonance spins are expected to lie
close to the values of the grazing angular momentum
in the 12C+ 12C entrance channel. A realistic descrip-
tion of this behavior will likely require ingredients of
both of these interpretations.
For channels where the entrance and exit channels
are poorly matched in angular momentum, the situa-
tion is more difficult to understand. The classic exam-
ple of such a situation is found in inelastic scattering to
excited, spin zero final states. In this case, the excita-
tion energy taken from the center-of-mass system can-
not be compensated for by a corresponding decrease
in the outgoing angular momentum because all parti-
cles involved have spin zero. This mismatch results in
a strong suppression of the scattering cross section. In
addition, the matching conditions implicitly required
by many models of resonance behavior, such as those
described in [7–9], are violated explicitly, and more
complicated degrees of freedom must be taken into
consideration.
Some examples of resonance behavior in angular-
momentum mismatched channels exist in the 12C +
12C system. Fulton and collaborators identified a
strong peak in the excitation function for the 0+1 + 0+2
channel near Ec.m. ≈ 28.0 MeV [10], which is not
well correlated with the strong features in the single
and mutual excitations of the first excited state in 12C.
This feature was attributed to a direct-reaction phe-
nomenon and a description using DWBA calculations
was able to reproduce the energy, but not the angle
dependence of the cross section [11]. A subsequent at-
tempt to isolate the partial waves responsible for this
unusual structure yielded some new information, but a
complete understanding remained elusive [12].
Other channels also display interesting features in
this energy region. Fulton et al. [10] also observeda doublet of peaks centered at 29 MeV in the 3−1 +
0+1 channel, and an additional feature near Ec.m. =
33 MeV. Particle angular-correlation measurements
[13,14] later suggested that these structures were
resonances with Jπ = 16+ (Ec.m. ≈ 29 MeV) and
18+ (Ec.m. ≈ 33 MeV), respectively. These values
are the same as those obtained by Sugiyama et al.
[15] for strong resonances in the 2+1 + 0+1 channel.
Data taken during the particle angular-correlation
measurements described in Ref. [14] also revealed a
relatively sharp (Γc.m. ≈ 1.5 MeV) peak at Ec.m. =
28 MeV in the excitation function for the mismatched
2+1 + 0+2 channel. Several questions arise concerning
this new structure, including: is the peak a resonance
characterized by a single partial wave, if so what is
its spin, and can this peak be in any way related to
structures observed in other scattering channels, either
well matched, or mismatched?
In order to answer these specific questions, as well
as to try to address some of the more general is-
sues regarding the existence of structure in the exci-
tation functions for angular-momentum mismatched
channels, we have studied the spin alignment, and
magnetic-substate population parameters for the 2+1
state populated in this scattering channel using par-
ticle gamma-ray angular correlation techniques. Pre-
vious measurements [16–18] have demonstrated that
such data can provide much new information about the
mechanism of the inelastic scattering reaction, and can
be used to deduce unambiguous spin assignments for
heavy-ion resonances.
To determine the magnetic substate population pa-
rameters, we follow the method described in [16–18],
and measure the angular distribution of the 4.443 MeV
gamma rays emitted by the 12C nucleus excited into its
2+1 state in coincidence with the alpha particles pro-
duced by the decay of the 12C nucleus in its 0+2 level.
The experiment was carried out with an array of four
double-sided silicon strip detectors (DSSDs), coupled
with the 4π gamma-ray detector GAMMASPHERE
[19] while it was operated at Argonne National Lab-
oratory. Beams of 12C ions at energies between 50
and 66 MeV were produced by the ATLAS acceler-
ator, and bombarded 12C foils with an areal density
of 50 µg/cm2. The two faces of each detector in the
DSSD array were divided into 16 strips, perpendicu-
lar to each other, producing an array of 1024 “quasi-
pixels” subtending approximately 440 msr of solid an-
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detector array was sensitive to center-of-mass scatter-
ing angles between approximately 45◦ and 125◦. Here,
GAMMASPHERE was operated in a mode where all
energy deposited in the high-resolution Ge elements,
as well as in the low-resolution, high-efficiency Bis-
muth Germanate (BGO) detectors was recorded for all
events in which at least two segments of the DSSD ar-
ray fired.
The techniques used to analyze the charged-particle
data have been described in a number of previous ref-
erences [14,20]. Briefly, the three alpha particles from
the decay of the 12C nucleus that was excited above
its alpha-particle decay threshold were detected in the
DSSD array. The angle and energy of each particle
were recorded. The energy resolution of the DSSD ar-
ray was between 50 and 100 keV for 8.78 MeV alpha
particles, and the angular resolution of the DSSD array
was approximately 1.1 degrees in the laboratory. The
momenta of the three alpha particles were used to re-
construct the excitation energy of the decaying 12C nu-
cleus (see Fig. 1(a)). For events populating the 0+2 state
at EX(12C)= 7.65 MeV, the reconstructed laboratory
energy and scattering angle were used to calculate the
reaction Q value (Fig. 1(b)). Events in which multiple
alpha particles hit a common detector element were
analyzed using a procedure described in [20]. The in-
elastic scattering channel of interest corresponds to the
peak at Q=−12.09 MeV in Fig. 1(b).
For correctly identified events, the energies of
the 4.443 MeV gamma rays produced in the 2+1 →
0+1 transition in 12C were corrected for the Doppler
shift using the deduced direction of the unobserved
recoiling 12C(2+1 ) nucleus and the central angle of the
GAMMASPHERE detector module where the gamma
ray was detected. The degradation of the resolution
that resulted from the addition of the energy recorded
in the BGO elements did not present any difficulty as
the prior selection of the reaction channel made for
very clean spectra with a single peak (see insert in
Fig. 2(a)). The relative gamma-ray detection efficiency
for each GAMMASPHERE module was determined
by acquiring spectra for the 12C(2+1 → 0+1 ) transition
for events containing only two hits in the DSSD
array, integrated over all bombarding and excitation
energies. This loose condition thus accepts events not
only from all 12C+12C scattering channels populating
the 2+1 level, but also excitations arising from transferFig. 1. Reconstruction of the 12C+12C inelastic scattering reaction.
(a) 12C excitation energy spectrum from 3− α coincidence events,
obtained requiring the existence of an observed 8Be. (b) Reaction Q
value for events with a reconstructed 12C(0+2 ).
Fig. 2. Angular distributions of 4.443 MeV gamma rays from the
2+1 → 0+1 transition in 12C, for the 0+2 + 2+1 inelastic scattering
channel, at (a) Ec.m. = 28.0 MeV and (b) Ec.m. = 30.0 MeV.
The data are integrated over particle scattering angles between
45◦ < θc.m. < 130◦ . The insert shows a typical spectrum of
gamma-ray energy for the 2+1 → 0+1 transition.
to the 8Be + 16O∗ final state, where the excited 16O
nucleus decays by alpha particle emission to α +
12C(2+1 ). The averaging of the gamma-ray data over
reaction channel, excitation and bombarding energy is
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distribution. The relative efficiencies varied by no
more than 20%.
The gamma-ray angular distributions were ana-
lyzed in two coordinate systems, with the quantiza-
tion, or 
z, axis oriented along either the beam di-
rection (
z ∼ 
kbeam), or perpendicular to the reaction
plane (
z∼ 
kbeam × 
k12C). In each case, the efficiency-
corrected gamma-ray yields were integrated over the
azimuthal gamma-ray angle to eliminate interference
effects between magnetic substates [17]. For data an-
alyzed in the beam-axis coordinate system, this inte-
gration was done simply by adding the yields from de-
tectors with the same polar angle. For the analysis of
the data in the “normal” coordinate system, the large
acceptance of the DSSD array required the event-by-
event determination of the reaction plane, and the cor-
responding direction of the normal to it.
In order to extract the magnetic substate population
parameters Pm, the resulting gamma-ray angular dis-
tributions were fit to an expression of the form:
(1)W(θγ )=
∑
|m|
P|m|F|m|(θγ ).
The summation is over substate quantum numbers
|m| and the functions F|m|(θγ ) are angular distribu-
tion functions characteristic of quadrupole transitions
with different values of |∆m| as described, for exam-
ple, in Ref. [21]. The angle θγ is the emission angle of
the gamma-ray with respect to the quantization axis.
The magnetic substate population parameters P|m| are
subject to the constraint∑|m| P|m| = 1. For the “nor-
mal” coordinate system, the symmetry of the entrance
channel requires that only substates with even val-
ues of m are populated. For the beam-axis coordinate
system, these same symmetry considerations permit
m= 1 as well as m= 0 and 2. The negative and posi-
tive magnetic substates must, however, be equally pop-
ulated. The procedure described above cannot distin-
guish positive and negative values of m. In the follow-
ing discussion, m represents the absolute value |m|,
except when explicitly noted.
Fig. 2 shows typical gamma-ray angular distribu-
tions with θγ measured relative to the beam direc-
tion, integrated over 12C scattering angle, at two bom-
barding energies. The curves are fits to the data using
the expression given in Eq. (1). Clearly, these angular
distributions, and the corresponding magnetic-substateFig. 3. Energy dependence of the magnetic substate popula-
tion parameters P0 (a), P1 (b), and P2 (c), averaged over
45◦ < θc.m. < 130◦ , with 
z along the beam direction. The squares
represent the values of (2 − δm,0)× (l2;−mm|J0)2 for l = J − 2
(open symbols) and l = J (filled symbols). (d) Energy dependence
of PZZ . (e) Excitation function for the 0+2 + 2+1 inelastic channel in
12C+12C scattering. Where not visible the uncertainties are smaller
than the plotting symbols.
population parameters for the 2+1 state change substan-
tially with bombarding energy in the region of the peak
in the excitation function.
Fig. 3(a)–(c) illustrate the energy dependence of the
deduced Pm obtained in the coordinate system with

z ∼ 
kbeam. The Pm are large for m = 0,1 (P0,P1 
0.4) throughout the energy range studied, while the
value of P2 is considerably smaller (P2 ≈ 0.1–0.2).
For m = 0 and 2 the Pm show significant variation
with bombarding energy, with the P0 attaining a
minimum just beyond the excitation function peak
where P2 has a corresponding maximum. The values
of the Pm may be compared with the theoretical values
expected for the simple case of a single partial wave
J in the entrance channel, and single value of the
orbital angular momentum l in the exit channel. When
integrated over 0 < θc.m. < π , the Pm are then given
by:
(2)Pm = (2− δm,0)× (lS;m−m|J0)2.
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integration is done over the center-of-mass angle range
covered by the detectors. Here, (lS;m − m|J0) is
the usual Clebsch–Gordan coefficient, and S, the spin
of the state in 12C, is equal to 2. The open, and
filled symbols in Fig. 3(a)–(c) represent the values
of Pm expected for the aligned configuration with
l = J − 2, and non-aligned configuration with l = J ,
respectively. At the energy corresponding to the peak
in the excitation function, the measured Pm values are
close to those expected for a fully aligned system, and
far from those obtained with l = J . The variations in
the values of Pm suggest a moderate de-alignment of
the spin of the 12C(2+1 ) away from the peak in the
excitation function, but are generally consistent with
a configuration in which the spin is oriented parallel
(or anti-parallel) to the orbital angular momentum.
Fig. 3(d) presents a parameterization of the Pm
analyzed in the “normal” coordinate system. Here,
we use the conventional definition of the alignment
PZZ [22]:
(3)PZZ = 1
S(2S − 1)
(∑
m
3m2Pm − S(S + 1)
)
,
with S = 2. With this definition, PZZ attains its maxi-
mum value of +1 if P±2 = 1, and its minimum value
of −1 if P0 = 1. The measured value of PZZ ≈ 0.6 in-
dicates a strongly aligned system, with a moderate de-
alignment near Ec.m. = 30 MeV, consistent with the
results from the beam-axis coordinate system.
Fig. 4(d)–(f) illustrate the scattering-angle depen-
dence Pm(θc.m.) for m = 0, 1, and 2 at a bombard-
ing energy of Ec.m. = 28.0 MeV, near the peak in the
excitation function. The angular distributions for both
m= 0 and 1 show pronounced, regular, oscillatory be-
havior, suggestive of the dominance of a single par-
tial wave in this exit channel. The data are less sen-
sitive to the m = 2 substate, and the angular distrib-
ution is more irregular, with large uncertainties. Still,
the overall yield is reduced compared to m= 0 and 1,
consistent with the angle averaged results above. For
comparison, the magnetic-substate angular distribu-
tions obtained below (Ec.m. = 25.0 MeV) and above
(Ec.m. = 31.0 MeV) the peak appear in Fig. 4(a)–(c)
and (g)–(i), respectively. In each of these latter cases
the angular distributions do not show the regular pat-
tern of oscillations seen near the excitation-function
peak.It is instructive to compare the magnetic-substate
population data of Fig. 4(d)–(f) obtained at Ec.m. =
28.0 MeV with the angular dependence expected for
a single resonating partial wave J in the entrance
channel. In this case, the general expression for the
scattering amplitude [23] for a given value of m is:
(4)Am(θc.m.)=
∑
l
ale
iφl (l2;−mm|J0)Pml (θc.m.).
Here, the aleiφl coefficients are the complex scat-
tering amplitudes for different partial waves l, the
Pml (θc.m.) are associated Legendre polynomials, and
the summation is over the three possible allowed l
values in the exit channel, l = J,J ± 2. The an-
gular distribution for each magnetic substate is then
σm(θc.m.) = |Am(θc.m.)|2, and the total angular distri-
bution σ(θc.m.) is given by σ(θc.m.) =∑m σm(θc.m.).
Finally, the angular dependence of the magnetic sub-
state population parameters Pm(θc.m.) is given by
Pm(θc.m.)= σm(θc.m.)/σ (θc.m.). The dashed curves in
Fig. 4(a)–(i) represent the angular dependence of the
Pm expected for the simple case of J = 14 and a sin-
gle l value l = 12 in Eq. (4). The l = J − 2 choice
is guided by the strong alignment already observed
in the scattering-angle averaged data. This compari-
son is model independent, with no additional free pa-
rameters or normalizations. For m = 0 and 1, the os-
cillations in the curve match those in the data very
well, and the amplitudes are also in reasonable agree-
ment. For m = 2, due to the large uncertainties in the
data, we can conclude only that the approximate am-
plitude of the theoretical curve is roughly consistent
with the data. The agreement between theory and ex-
periment is improved by the inclusion of an additional
l value in the summation of Eq. (4). The solid curves
in Fig. 4(d)–(f) are calculated using J = 14, with ad-
mixtures of both l = 12 (|a12| = 0.98) and l = 14
(|a14| = 0.38). These values were obtained by varying
the amplitudes and relative phase of the l = 12 and 14
partial waves to produce a simultaneous best fit to all
three magnetic-substate angular distributions. This hy-
pothesis provides a good description of both the phase
of the oscillations and the magnitude of the data. An
even better description could presumably be obtained
with contributions from additional partial waves, at the
cost of increased ambiguity, while the main conclu-
sions are unlikely to change significantly from those
reached above.
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dashed curves represent calculations of the Pm(θc.m.) with J = 14, l = 12. The solid curves in (d)–(f) correspond to J = 14, l = 12 + 14 as
described in the text.It is interesting to compare these results with those
obtained for resonances in other inelastic scattering
channels in this bombarding energy region. In the
single, and mutually excited 2+1 channels, 28 MeV
is between two very prominent intermediate-width
structures at 24 and 30 MeV, with spins of 16+
and 18+, respectively. A small peak is observed
at 28 MeV in the single inelastic channel with no
counterpart in the mutual excitation. In the 3−1 + 0+1
channel, as discussed above, spins of 16 and 18 have
been assigned to resonances at Ec.m. = 28.5 and
33 MeV, respectively, [13,14]. For the peak in the
0+2 + 0+1 channel near Ec.m. = 29 MeV, the picture is
less clear. Following the work of Fulton et al. [11],Pate et al. carried out detailed angular distribution
measurements for this channel and found a rather
complicated situation [12]. High partial waves (l =
16, 18) seemed to dominate the angular distribution
at forward angles. At angles greater than θc.m. =
40◦, however, the angular distributions were closely
in phase with a Legendre polynomial of order 14.
Furthermore, an analysis of the angular distributions
of the type suggested by Balamuth et al. [24] and
Chapuran et al. [25] at angles corresponding to zeroes
of Legendre polynomials for these backward angles
suggested that the backward-angle data were more
consistent with l = 14 than with any other partial
wave. Clearly, the results for the current resonance
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from those of the more well-matched 0+1 + 2+1 , 2+1 +
2+1 , and 3
−
1 + 0+1 excitations. These differences may
not be surprising, given that the nuclear structure
of the ground, first excited, and 3−1 states in 12C
is quite different than that of the excited 0+2 level,
and the angular-momentum matching conditions are
significantly different as well.
The association between the present results and the
behavior seen in the 0+1 + 0+2 channel may be more
compelling. Here, the structures in the 0+2 + 0+1 and
0+2 + 2+1 channels occur at essentially identical bom-
barding energies. Also, the angular-momentum match-
ing properties are approximately the same, with both
channels mis-matched by approximately 2–3 units of
angular momentum. Finally, the nuclear structure con-
siderations for the two channels are quite similar as
well. These considerations must be taken into ac-
count in order to understand the systematic behavior
of structures observed in these strongly mismatched
channels.
The excited 0+2 state in 12C has long been under-
stood as an extended cluster configuration [26–29]
with a very large α + 8Beg.s. reduced width. The pre-
cise nature of this state remains under debate; orig-
inally [26], it was thought to conform to an essen-
tially linear chain of alpha particles, more recent cal-
culations using a coordinate-space Faddeev approach
suggest an elongated, very loosely bound triangular
structure [30]. Regardless of the precise microscopic
structure of this excitation, all calculations suggest a
very extended matter density, a picture supported by
a resonating group model (RGM) calculation of the
0+2 → 0+1 transition density that is in good agreement
with experiment [29].
The importance of this nuclear configuration has
recently been considered in the context of 12C +
12C scattering resonances by Hyrabiyashi et al. [31]
and Ito and collaborators [32–34], who have carried
out coupled channels calculations for resonances in
inelastic 12C + 12C scattering. Ito et al. divide the
excitations in 12C into two categories: “shell group” or
SG states, which include the ground and first excited
states, and “cluster group” or CG states, which include
the excited 0+2 and hypothetical 2
+
2 levels. The 3
−
1
state at 9.64 MeV was not considered in this set
of calculations. This method is similar in spirit tothat of the older BCM; however, Ito et al. use ion–
ion potentials derived from a realistic double-folding
model prescription that includes realistic monopole
(and quadrupole when appropriate) nuclear densities
taken from the RGM calculations of [29].
One general, qualitative conclusion reached by Ito
et al., is that strong coupling effects should exist be-
tween channels with common nuclear structure. Ito
et al. divide the scattering channels involving the SG
and CG excitations into three families: the pure SG
channels including the elastic, single and mutual 2+1
excitations, the pure CG channels including the mutual
0+2 , the 0
+
2 + 2+2 and mutual 2+2 + 2+2 excitation, and a
set of “hybrid channels” (HG) which include one state
from each of the SG and CG families. The 0+2 + 2+1
excitation falls into this third category. Ito et al. sug-
gest that strong coupling effects should exist between
channels within each of the three families, and weak
coupling between members of different families. One
conclusion from these calculations is that a resonance
observed in the 0+2 + 0+1 excitation might appear at
the same bombarding energy in the 0+2 + 2+1 chan-
nel. Quantitatively, it appears that the calculated posi-
tions of the dominant J = 14 resonances in the HG are
somewhat lower in energy than the present 14+ state.
The calculations do, however, predict a strong degree
of alignment for the non-zero spin channels in the HG,
consistent with the present observations. Furthermore,
if the peak in the 0+1 +0+2 excitation function does con-
tain contributions from an actual spin 14 resonance,
the fact that the peak appears at the same bombard-
ing energy, and with the same spin of the resonance
observed in the 0+2 + 2+1 channel lends support to the
coupling scheme suggested by Ito et al. An extension
of these theoretical methods to include more states in
12C such as the 3−1 excitation, and knowledge of the
microscopic contributions of these channels to the HG
resonances could lead to a more comprehensive under-
standing of the gross structure properties in angular-
momentum mismatched inelastic scattering channels
in the 12C+ 12C system.
In summary, we have used particle gamma-ray
angular correlation methods to deduce the magnetic-
substate population parameters in the angular-momen-
tum mismatched 12C(12C,12 C[0+2 ])12C(2+1 ) inelastic
scattering channel. The data support a spin assignment
of Jπ = 14+ for a likely resonance observed at a
bombarding energy of Ec.m. = 28.0 MeV, an energy
162 A.H. Wuosmaa et al. / Physics Letters B 571 (2003) 155–162where prior measurements have identified a large peak
in the 0+1 + 0+2 channel. A re-examination of the
angular distribution data for that structure suggests
that it too may possess J = 14 character, and if
so, provide support for the channel-coupling picture
emerging from the calculations of Ito et al. [32–34].
Such calculations could provide a better systematic
understanding of the properties of resonance behavior
in angular-momentum mismatched channels in this or
other scattering systems.
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